Since the initial proof of concept of ablation of pulmonary vein triggers as a means to prevent initiation of atrial fibrillation (AF), 1 catheter ablation for AF has undergone substantial evolution in procedural approaches (pulmonary vein isolation, 2 linear and other ablation strategies, 3 rotor mapping, 4 fibrosis-guided ablation 5 ), tools (cryoablation, 6 laser balloon, 7 contact force catheters 8 ), and technologies (3-dimensional electroanatomic mapping 9 ). However, changes in procedural efficacy and effectiveness have been difficult to quantify because of substantial variation in evaluated ablation strategies, study designs, and enrolled populations. Attempts at evidence synthesis have been limited and primarily restricted to specific ablation strategies; prior meta-analyses have not adequately accounted for all plausible contributors to high study heterogeneity. [10] [11] [12] Therefore, we sought to perform a contemporary systematic review and meta-analysis of trials and observational studies of catheter ablation for AF spanning the totality of the published evidence base. We also evaluated secular trends in success rates and explored features associated with high study heterogeneity.
Methods
The Systematic Review and Meta-analysis of Ablation Strategy Heterogeneity in AF (SMASH-AF) study is a comprehensive cohort of trials and observational studies investigating catheter ablation for AF from January 1, 1990 , to August 1, 2016 . The full project protocol was registered with PROSPERO prior to data analysis. 13 Methods for cohort creation have been previously described in detail. 14 
Data sources and searches
We identified relevant articles in PubMed, Scopus, and Cochrane databases using a sensitive search strategy (Supplementary Table I) , developed in collaboration with Lane Medical Library (Stanford University), designed to capture both contemporary studies and all studies included in prior AF ablation systematic reviews. 10, 15 Search terms were selected to capture the full spectrum of AF ablation approaches, tools, and technologies.
Study selection
Studies were screened for SMASH-AF cohort inclusion if they reported outcomes of interest, which were defined as any one or more of the following: (1) AF ablation success rate, (2) safety profile, (3) quality of life postablation, or (4) procedure cost. Major exclusion criteria included (1) no treatment or outcomes of interest; (2) insufficient reporting of patient demographics, ablation strategy, or outcomes of interest; (3) ablation strategies that were not prespecified and uniform across the treatment arm; and (4) small study size (ie, b40 patients in a treatment arm). Full exclusion criteria are available in Supplementary Tables II and III . We screened studies for exclusion criteria in 2 steps: (1) review of title and abstract performed by 1 project member (G. L.) and (2) review of full text performed by 3 project members (G. L., A. C., F. Y.) with 2-reviewer agreement required for final inclusion or exclusion. All exclusion conflicts were settled by a single project member (A. P.).
Data extraction and quality assessment
We identified necessary data assumptions and simplifications (Supplementary Table IV) and performed data abstraction form optimization through a trial abstraction of 20 random articles. Data abstraction was performed by 3 project members (G. L., A. C., F. Y.) with abstracted data categories available in Supplementary Table V. Ablation  protocol exclusion criteria (Supplementary Table II , criteria 5-11) were used to assess quality, bias, and reproducibility of included studies. All aspects of SMASH-AF followed the Standards for Systematic Reviews established by the Institute of Medicine, 16 which have been adopted in the Methodology Standards of the PatientCentered Outcomes Research Institute. 17 Reporting of results is in accordance with both Institute of Medicine and Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. 16, 18 Data synthesis and analysis For the secular trends in AF ablation success rate analysis, from the previously described SMASH-AF cohort, we excluded treatment arms (1) published in a year with b2 total treatment arms; (2) that did not report a singleprocedure success rate; and (3) that were not exclusively comprised of paroxysmal (PAF) or nonparoxysmal (NPAF) patients. We abstracted success rate as reported single-procedure arrhythmia-free survival. If multiple recurrence definitions were reported, the highest priority definition was included in the analysis based on the following priority order: (1) atrial tachyarrhythmia without antiarrhythmic agents; (2) AF without antiarrhythmic agents; (3) atrial tachyarrhythmia with antiarrhythmic agents; and (4) AF with antiarrhythmic agents. To account for variable definitions of success, we abstracted (1) arrhythmia duration threshold that qualified as a recurrence; (2) whether recurrence arrhythmia was defined as atrial fibrillation only or any atrial tachyarrhythmia; and (3) whether antiarrhythmic drugs were prohibited postablation. We also determined studies' percentage of follow up with rhythm monitoring based on reported postablation screening protocol.
For the primary analysis, we determined success rate summary estimates for all included PAF and NPAF studies by year of publication and determined secular trends. We also performed the following sensitivity analyses for PAF studies: (1) randomized study type, any lesion sets, and any energy type; (2) any study type, pulmonary vein isolation (PVI) lesion set only, and any energy type; and (3) (1) follow-up protocol (duration of follow-up, percentage of mean follow-up with rhythm monitoring), (2) definition of success (recurrence duration threshold, recurrence arrhythmia definition, antiarrhythmic drug prohibition postablation), and (3) patient demographics (age, percent female, hypertension prevalence). Publications before and after 2008 were compared because unadjusted yearly success rate summary estimates in the full cohort of included PAF studies reached a nadir in this year. Hypertension prevalence was selected as a surrogate for comorbidity burden because it was the most frequently reported comorbidity. Time period analyses Flow diagram.Inclusion and exclusion criteria used to select analysis cohort. AT, atrial tachycardia; CTI, cavotricuspid isthmus; SVC, superior vena cava. N = study number.
were not performed for the NPAF cohort because no included NPAF studies were published before 2010.
Meta-analyses used DerSimonian and Laird methodology with random effects. Statistical heterogeneity was assessed using the I 2 statistic. The t test or Mann-Whitney U test was used to compare time period group variables of interest depending on variable normality and variance. Evidence Partner DistillerSR (Ottawa, Canada) was used for (1) reference management; (2) creation, distribution, and completion of screening and data collection forms; (3) recording exclusion rationale; and (4) storage of abstracted data. All analyses were performed using STATA, version 12.1 (College Station, TX). The work was supported by a seed grant from the Meta-Research Center at Stanford (METRICS), Stanford University (Stanford, CA). The authors are solely responsible for the design and conduct of this study, all study analyses, the drafting and editing of the paper, and its final contents.
Results
The analysis cohort included 180 studies with 28 1.4% per year (95% CI 0.6%-2.2%; P = .001; I 2 = 90%) from 2009 to 2016. After adjusting for study design and patient demographics, rate of improvement in success rate summary estimate from 2003 to 2016 increased (1.6% per year; 95% CI 0.9%-2.2%; P = .001; I 2 = 87%) as compared to the unadjusted rate. Additional adjustment for procedure characteristics partially accounted for improvement in success rate per year (Table I) .
Unadjusted success rates for randomized PAF studies (49 treatment arms, 24 studies, 3,521 patients) did not change significantly during any analyzed time period, with no increase in success rates per year after controlling for study design and patient demographic covariates (Table I , Supplementary Figure 1) . PVI-only studies (148 treatment arms, 115 studies, 16,500 patients) and PVI-and RF-only studies (110 treatment arms, 87 studies, 12,479 patients) had similar improvements in success rate over time as compared to all studies, with greater absolute increases in success rate per year (Table I , Supplementary Figures 2 and 3) .
When comparing PAF studies published from 2003 to 2008 to those published from 2009 to 2016, earlier studies generally had less rigorous study methodology and included patients who were slightly younger and less diverse (by sex) and were substantially less comorbid (by hypertensive prevalence) (Table II) . 
NPAF ablation
For NPAF studies, unadjusted success rate summary estimates ranged from 70.0% in 2010 to 64.3% in 2016 (Figure 3) . From 2010 to 2016, unadjusted success rate summary estimates were unchanged (1.1% per year; 95% CI −1.3% to 3.5%; P = .37; I 2 = 85%). There was no increase in success rate summary estimate per year after adjustment for follow-up duration, all study design covariates, and patient demographics (Table III) . Secular trends in success rate for NPAF ablation studies. Studies of NPAF ablation (32 studies, 3,641 patients), with unadjusted summary estimates reported by year. Unadjusted analysis (solid line): (1.1%/year; 95% CI −1.3% to 3.5%; P = .37; I 2 = 85%) (solid line). Adjusting for 12-month follow-up duration (dashed line): (1.4%/year; 95% CI −1.0% to 3.7%; P = .25; I 2 = 84%). N = treatment arm, P = patients.
Discussion
We found that, despite substantial research investment and health care expenditure, success rates of trials and observational studies of PAF ablation improved only incrementally, whereas no improvements in NPAF ablation success rates were detected. These data indicate that maturation of approaches, tools, and technology to perform catheter ablation of AF have not resulted in marked improvements in success rate, arguing that major paradigm or technology changes may be necessary to achieve a highly efficacious procedure to restore and maintain sinus rhythm.
In 1998, the reported success rate of PAF ablation was 62%.
1 Over the subsequent 20 years, there has been substantial evolution in procedural approaches, tools, and technologies. Despite these advances, a prior review of the literature that included studies published before 2008 did not detect improvements in AF ablation efficacy over time, 10 similar to our findings during this time period. However, real-world data from Denmark have been used to show reductions in AF-related clinical encounters after AF ablation from 2005 to 2014, suggesting secular improvements in AF ablation effectiveness. 19 In a contemporary and rigorous review of the literature, we did not detect any improvements in NPAF ablation efficacy over time. Importantly though, incremental gains in PAF procedural success appear to have occurred, with important caveats and implications.
With multiple stakeholders committed to improving quality of research reporting 18, 22 and study methodology 23 and AF ablation guideline statements outlining optimal trial design and reporting in 2007 24 and 2012, 25 it is plausible that AF ablation study quality may have improved, resulting in underestimation of success rate improvements. In support of this hypothesis, we found that PAF ablation studies performed from 2009 to 2016, as compared to 2003 to 2008, had mean durations of follow-up that were longer, were more likely to use a 30-second recurrence threshold as recommended by consensus statements, included more patients, and trended toward higher percentages of mean follow-up with rhythm monitoring. For unclear reasons, specifying that any atrial tachyarrhythmia will be counted as a recurrence (as compared to AF only) has become less common. Importantly though, after controlling for study design, there were larger improvements in PAF ablation success rates over time.
Proof of concept and early utilization of novel procedures are performed in carefully selected patients, who are often not representative of the full denominator of patients with a disease state. Over time, intentional selection bias of early studies can be balanced if procedure efficacy and safety are investigated in more diverse populations. PAF ablation studies performed from 2009 to 2016, compared to 2003 to 2008, included older patients, more women, and patients with higher prevalence of comorbidities. Although we accounted for age and sex in our regressions, reporting of comorbidities was highly variable across included studies, preventing adjustment for variables known to effect procedure outcome. Considering that hypertension prevalence increased over time, suggesting sicker patients are undergoing ablation, our adjusted estimates may underestimate procedural gains.
Notably, when analyses were restricted to PAF studies that only performed PVI, larger success rate improvements per year were found as compared to all included studies. Possible explanations for this finding include (1) a more accurate estimate of secular trends in procedural success due to lower heterogeneity between studies that used similar ablation strategies, (2) reductions in postablation atypical flutter which has been associated with some non-PVI lesion sets, or (3) chance. However, this finding suggests meaningful improvement in procedural approaches, tools, or technologies to achieve PVI.
In general, advances in procedural approaches, tools, and technologies would be expected to account for improvements in success rate over time. However, there was residual improvement over time after adjusting for procedure covariates. This observation requires further exploration and could be due to a number of factors, including our methods not accounting for all procedural variables that affect creation of durable lesions, including mapping techniques and operator or study site experience. Importantly, interpretation of our findings must be done in the context of no improvements over time (or trends toward an improvement) detected in PAF success rates from randomized trials and reported success rates from all PAF studies published in 2016 only reaching 77.1%, with several recent multicenter randomized trials for PAF ablation showing single-procedure success rates less than 66%. 20, 21 These findings argue that major paradigm or technology changes may be necessary to achieve a highly efficacious procedure to restore and maintain sinus rhythm. Importantly though, large residual heterogeneity despite inclusion of studies deemed high quality based on rigorous exclusion criteria which prioritized reproducibility and methods that accounted for numerous study design variables argues that further improvements in study quality and lesion set reproducibility are also needed to accurately evaluate procedural advances.
Looking beyond time to first recurrence, recent studies have focused on clinical end points, demonstrating improvements in mortality and health care utilization with reductions in AF burden achieved through ablation in certain populations. 26, 27 There could be substantial gains in these end points that are independent of time to first recurrence. Continuous assessment of AF burden to clinical end points may also help to reframe optimal choice of primary and secondary outcomes for future AF trials and observational studies. 28 There are several notable limitations, including large heterogeneity in summary estimates by year and residual heterogeneity in meta-regressions despite stratification by AF type and accounting for numerous study design covariates and patient age and sex. Unfortunately, highly variable reporting of patient baseline characteristics and comorbidities, duration of AF and prior treatments, and operator experience prevented controlling for these important characteristics in meta-regressions, contributing to residual heterogeneity and possibly underestimation of procedural gains. As with all systematic reviews and meta-analyses, small study effects may bias results.
Despite substantial evolution of approaches, tools, and technologies and widespread diffusion of AF ablation, improvements over time in PAF ablation have only been incremental, whereas no improvements for NPAF ablation were detected. Meaningful improvements in procedure efficacy may not occur without major paradigm or technology changes, and evaluation of clinical outcomes such as mortality and quality of life may prove to be important going forward.
